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Abstract 
A Thermal Swing Adsorption (TSA) process has been widely commercialised for its 
application to air drying. In designing an air-drying TSA, zeolite 13X is chosen as a 
desiccant when required to produce a very low dew point dry air due to its highly 
nonlinear, favourable isotherm. It is essential to make use of an external hot purge gas 
in producing such an extremely low dew point dry air, as the column has to be 
regenerated thoroughly for the next adsorption step. In case of the externally heated 
TSA, usage of a hot purge gas gives rise to huge energy consumption. Also the cycle 
time has to be made as short as possible to enhance the bed productivity. To optimise 
this energy-intensive process, it is crucial to find an optimal hot purge gas temperature 
at which the column can be regenerated as quickly as possible with less energy 
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consumed. In this study, Equilibrium Theory approach was taken to analyse the thermal 
regeneration breakthrough of a zeolite 13X column saturated with a water vapour  in 
which the equilibrium isotherm is estimated by Toth  or Aranovich-Donohue isotherms. 
As a result of Equilibrium Theory analysis, it was found that the trailing front of a 
thermal regeneration breakthrough would exhibit a transition of the shape from simple 
wave to shock wave with increasing purge gas temperature. The purge gas 
temperature has to be chosen so that after thermal regeneration the targeted water 
vapour concentration remaining in the column lies within the concentration range 
occupied by the shock wave. A useful correlation that relates the targeted dew point of 
the remaining water vapour with the purge gas temperature was proposed. The 
presence of the optimal hot purge gas temperature estimated by Equilibrium Theory 
was validated by both full numerical simulation and ideal work consumption.  
   




An adsorptive drying process has long been employed for drying of gases or liquids [1-
5], as it can occupy small footprint and operate continuously thanks to the regenerative 
nature of a desiccant owning a large drying capacity. A dry air produced by adsorptive 
drying has been widely used in food and pharmaceutical industries as well as gas 
processing industry [6-8]. The quality of a dry air is categorised into class 0 to 9 by its 
contents of solid particles, water and oil, according to ISO 8573-1. For its application to 
food and pharmaceutical industries, the dry air has to be of excellent quality containing 
extremely low water vapour, such as at least less than -40°C dew point (class 2) but 
more often less than -70°C dew point (class 1) [9].  
A variety of cyclic adsorption processes have been devised for air drying so far, being 
categorised into pressure-swing heatless dryers, temperature-swing dryers with the 
columns heated internally, temperature-swing dryers with the column regenerated by 
hot dry or wet air, etc [10-16]. Among them, it is known that a Thermal Swing 
Adsorption (TSA) process with the column regenerated externally by a hot dry air is 
capable of producing a dry air at extremely low dew points, often below -70 °C. This is 
because regenerating the column with a hot dry air ensures the adsorption column 
being regenerated very rigorously, enabling to produce a very low dew point air in the 
next adsorption run [3, 4, 10].  
Various adsorbents can be chosen as desiccant for an adsorptive air-dryer. Zeolites are 
commonly selected if it is intended to produce such an extremely low dew point dry air, 
as they often exhibit highly irreversible water isotherms, owning fairly large water 
adsorption amounts even at a very low water vapour pressure. By contrast, silica gels 
can adsorb larger water vapour than zeolites on the basis of unit adsorbent mass at 
relatively high vapour pressures. But they are deemed inferior to zeolites for producing 
a dry air of a very low dew point  due to the isotherm being not as favourable as 
zeolites [1, 3, 4].  
In Ahn and Lee’s works[17, 18], a 13X column initially saturated with a water vapour at 
12740 ppmv (54% relative humidity) was thermally regenerated by flowing a hot 
nitrogen gas through the column. The thermal regeneration experiments were carried 
out at a constant purge gas flowrate and three different temperatures, i.e. 423, 473 and 
523K and the desorption experiment data were compared with the full numerical 
simulations as shown in Figure 1. The rate of the column being regenerated depends 
greatly on the temperature of the hot purge gas. We could save total usage of the 
purge gas by flowing a hotter purge gas, or make use of a cooler purge gas by 
spending a larger amount of purge gas. However, it is uncertain at which temperature 
the thermal regeneration would be most efficient, taking into account the total energy 
consumption and the quality of heat determined by the temperature.  
Meanwhile, an air-drying TSA process is often designed without having a cooling step 
between low-temperature adsorption step and high-temperature regeneration step due 
to the presence of a pure thermal wave, i.e. the temperature profile propagating ahead 
of the concentration profile during the adsorption step [1, 2]. In other words, the 
concentration profile of a water vapour in a 13X column in the adsorption step would 
not be affected by the initial bed temperature. In this case, the TSA cycle is configured 
so that the next adsorption step can be initiated immediately after the end of thermal 
regeneration step, shortening the cycle time to improve the bed productivity. Without a 
cooling step, the quality of a dry air produced in the beginning of the ensuing 
adsorption step would be affected greatly by the concentration of the water vapour 
remaining in the column after the thermal regeneration step. Therefore, it is crucial to 
regenerate the humid column very thoroughly during the thermal regeneration step to 
ensure to produce a dry air of an excellent quality even in the initial stage of adsorption 
step.  
In this work, it is aimed to find the optimal hot purge gas temperature in regenerating 
thermally a 13X column saturated with water vapour at around 54% relative humidity. A 
preliminary guideline on selection of the optimal hot gas temperature is to be proposed 
by Equilibrium Theory, and subsequently validated by the full numerical simulation. 
Finally it will be shown that the ideal work consumption required for thermal 
regeneration lies at its minimum around the optimal hot gas temperature proposed by 
Equilibrium Theory.  
 
2. Theory 
2.1. Air-drying adsorption/thermal regeneration experiments and full numerical 
models 
To simulate the dynamics of adsorption and thermal regeneration breakthrough, a set 
of mathematical equations of mass, energy and momentum balances around the 
adsorption column were constructed and discussed in details in the paper the author 
published recently [19]. Below are the balance equations taken for full numerical 
simulation of air-drying adsorption/thermal regeneration breakthrough. 









































   (1) 
Along with the component mass balance, an overall mass balance needs to be solved 
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The energy balance equation is given by: 
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As for the momentum balance, Ergun equation was taken to estimate the pressure 





















   (5) 
A generalised Toth isotherm was taken for estimating the equilibrium adsorption 
amount of water on zeolite 13X [20, 21]. 
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where a, b and t are a function of temperature as follows. 
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All the Toth isotherm parameters in Eqs. 6 – 9 were found in the references [20, 21] 
and listed in Table 1. 
It is well known that the equilibrium adsorption isotherm of water on zeolite 13X exhibits 
capillary condensation with the water vapour pressure approaching its saturation 
pressure. To incorporate the effect of capillary condensation into the Toth isotherm, Eq. 
6, Aranovich-Donohue (AD) model was applied as follows [22]: 
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where qm and d are constant while b and t are a function of temperature as expressed 
in Eqs. 8 and 9. In this work, the qm and d were found and b0 were re-estimated so that 
the A-D model could fit well the Toth isotherm, Eq. 6, in low vapour pressure regions. 
The three parameter values are listed in Table 1. 
The water saturation pressure at a temperature, Ps, is estimated by Eq. 11.  
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Figure 2 shows the water vapour isotherms on zeolite 13X constructed with both Toth 
and AD models at 273, 298 and 373K. As can be seen, the capillary condensation 
effect is notable only in the region of relatively high water vapour pressures, 
approximately above the relative humidity of 50% [17].  
The axial mass dispersion coefficient, Dz, and the axial thermal dispersion coefficient, 
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The boundary conditions at the column ends are given by Danckwerts boundary 
conditions expressed in the gas mole fraction and enthalpy [24]. The DAEs listed 
above were solved with gPROMS. The numerical solver was the second-order 
orthogonal collocation on finite elements with 200 nodes in the spatial domain. All the 
simulation parameters  used in the full numerical simulation are listed in Tables 1 and 
2. 
In the past researches [17, 18, 25], a series of breakthrough experiments of adsorption 
followed by thermal regeneration were carried out. Before performing this experimental 
campaign, the adsorption column was thermally regenerated in situ at 593K at least for 
12 hrs. Once the column is cooled down to 293K, an adsorption breakthrough run was 
initiated by feeding a gas mixture of water vapour and nitrogen carrier gas at 12740 
ppm water (54 % relative humidity) at 9 NL/min. The water vapour concentration was 
measured by a hygrometer at the outlet of the column during the adsorption run. Once 
the column was saturated with the feed, thermal regeneration breakthrough runs were 
performed by flowing a hot nitrogen at 26 NL/min at three different temperatures. As a 
result, the experimental breakthrough curves were obtained as shown in Figure 1. In 
this study, this adsorption system was analysed by a single component, non-isothermal 
adsorption model, assuming the carrier nitrogen gas would be inert on the grounds of 
the nitrogen adsorption amount being negligible compared to the water adsorption 
amount [26].  
Table 1. List of adsorbent and column parameters taken for analysis of adsorption and 
thermal regeneration of water vapour on zeolite 13X fixed bed.  
Column parameters  
Column length [m] 0.3 
Column diameter [m] 0.033 
Column thickness [mm] 2.3 
External bed void fraction, ε [-] 0.37 
Wall density, w  [kg/m
3
] 7700 
Specific heat capacity of the wall, Cpw [J/kg·K] 500 





Gas and adsorbed phase parameters  




 (ads) / 3.995 10
–3
 (des)  
Axial thermal dispersion coefficient, kz  [W/m·K) 2.766 (ads) / 3.374 (des) 
Specific heat capacity of the gas, Cpg [J/kg/K] 1047 
Specific heat capacity of the adsorbed phase, Cpa 
[J/kg·K] 
2392.6 
Gas viscosity,  [Pa s] 1.8 10
–5
 
13X Zeolite parameters  
Adsorbent density, s  [kg/m
3
] 1100 
Specific heat capacity, Cps [J/kg/K] 920 
Particle diameter, dp [mm] 2.5 
kLDF,CO2 [1/s] 5.0 10
–4
 (ads) / 5.0 10
–3
 (des) 
Toth Isotherm Parameters  
a0 [mol/kg/kPa] 3.634 10
–6
 
b0 [1/kPa] 2.408 10
–7
  
E [K] 6,852 
- ΔHH2O [J/mol]  56,968 
t0 [ - ] 3.974 10
–1
 
c [K] -4.199 
Aranovich-Donohue (AD) Isotherm parameters  
qm [mol/kg] 14.9 
b0 [1/kPa] 2.91 10
–7
 
d [ - ] 0.03 
 
Table 2. Experimental conditions.  
External/initial temperature [K] 293 
Regeneration temperature [K] 423 / 473 / 523 















Initial water vapour concentration in the column 







2.2. Equilibrium Theory model of an adiabatic, one adsorbing component plus 
inert carrier system 
It is also possible to solve the mathematical models analytically with Equilibrium Theory 
[27, 28]. To this end, the full balance equations need to be simplified following the 
general assumptions involved in Equilibrium Theory. In addition, the enthalpy of the 
adsorbed phase was neglected in the energy balance, Eq. 4.   
Accordingly the component mass balance and energy balance equations are simplified 
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The energy balance, Eq.15, can be expressed differently in terms of Cp instead of Cv as 
follows [19]. 
 
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 term is excluded as both adsorption and thermal regeneration must be a 
constant-pressure process.  
Applying the method of characteristics [1] to Eq. 14 under the conditions of constant 
pressure and varying temperature, the concentration propagation velocity can be 
derived as: 
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The temperature propagation velocity is also derived by simply rearranging Eq. 16.  
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By summing the two component mass balance equations, Eq. 14, for water (A) and 
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where        [29]. 
For the system considered in this study, Eq. 19 can be simplified by taking β = βA = 0 
and βB = 1, given the assumptions that water is a strongly adsorbing component and 
the nitrogen carrier gas is inert. Also it was assumed that the temperature variation with 
time would be neglected. In the limiting case, Eq. 19 becomes: 
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Coherence rule has to be met for the two propagation velocities [1, 2, 27]. Equating the 








      
      
 
   
      
  
  




      
      
 
   








   




   
      
  
  
  (21) 
Solving the quadratic equation provides two real roots: one is positive and the 
other is negative. By substituting each of two dc/dT values into Eqs. 17 and 18, 
the location of a plateau being placed between the initial and feed states can be 
identified. At the same time, it has to be checked if the two transitions occurring 
around the plateau is either shock or simple wave. If a shock wave is to be 
formed, the velocities of concentration and temperature shock fronts are given 
by: 
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3. Results and discussion 
3.1. Adsorption breakthrough analysis 
Firstly, the hodograph for adsorption breakthrough profiles was constructed as shown 
in Figure 3(a). In the adsorption breakthrough, the state of the adsorption column 
changes with time from initial clean state (concentration [mol/m3]: temperature [K] = 10-
5: 293), to feed state (0.523, 293) via intermediate state (5.5 10-5, 318.2). It should be 
noted that the negative characteristic of the feed state must be a shock wave rather 
than a simple wave, hence the intermediate state had to be found where the following 
two lines intersect each other: positive characteristic of the initial state (simple wave) 
and negative characteristic of the feed state (shock wave). Based on the hodograph, 
the concentration and temperature profiles (dashed line) were constructed as shown in 
Figure 3(b). Only one transition of the concentration profile appears, as the 
concentration change is negligible along the route from the initial state to the 
intermediate state on the hodograph. By contrast, two temperature transitions show up, 
resulting in this adsorption system being characterised by a pure thermal wave. The 
existence of a pure thermal wave was also checked by comparing the pure thermal 
wave velocity and the isothermal concentration wave velocities under two limiting 
conditions, i.e. the feed temperature (slowest) or the maximum plateau temperature 
(fastest) [30].   
Subsequently, the Equilibrium Theory model was solved numerically by gPROMS. 
Ideally, the axial and thermal dispersion coefficients must be set zero and the LDF 
constant must be set close to infinity to mimic the Equilibrium Theory model. To ensure 
convergence of the solver, however, both Dz and kz decreased 10 times smaller than 
the actual and the LDF constant increased 10 times larger. The c and T profiles 
estimated by solving numerically the Equilibrium Theory model (not shown in Figure 3b) 
were in a good agreement with those by hodograph, while slight discrepancy of the two 
was inevitable due to the numerical model still accommodating the effects of the 
diffusion-related terms. Figure 3 also contains the experimental data and their 
associated full numerical simulation result. As can be seen, the two first moments of 
the breakthrough curves constructed by Equilibrium Theory and full numerical 
simulation were fairly close to each other, evidencing the validity of the Equilibrium 
Theory model taken in this study.  
 
  
3.2. Determination of optimal hot purge gas temperature in thermal regeneration 
As for thermal regeneration of the adsorption column saturated with water vapour, a 
hodograph was also constructed at three different temperatures of a hot purge gas in a 
range of 423K to 523K as shown in Figure 4(a). It is worth investigating the location of 
the watershed point, to ensure that the hot purge temperatures be chosen below the 
watershed point. Increasing the purge temperature above the watershed point could 
not but result in greater energy consumption, as it could not shorten the time taken for 
thermal regeneration [1]. To find the watershed point, it is necessary to evaluate Eq. 21 
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Then, the watershed temperature can be found so as to meet       
  
  
. In this water 
vapour-13X system, The watershed point was estimated 603.534 K for water vapour 
adsorption on 13X, indicating the purge gas temperatures (423 – 523K) taken in this 
study are worth investigating, as they are far below the watershed point. 
In scrutinizing the negative characteristics of the feed state in Figure 4(a), it can be 
observed that the two plots at 473 and 523 K exhibit their slopes alternating increasing 
and decreasing with temperature, while the slope of the plot at 423K increases 
monotonously over the entire range. The slopes of the characteristics, dT/dc, were 
plotted at different temperatures in Figure 4(b) in which horizontal lines were added to 
show at which value the area enveloped by each plot is divided equally. It should be 
noted that the fraction of the plot occupied by the horizontal line becomes larger with 
temperature. Such interesting trends of the characteristics are attributed to the Toth 
adsorption isotherm chosen in this study.  
In Figure 5, the c and T breakthrough curves (red dots) were constructed at the three 
hot purge gas temperatures based on the hodography in Figure 4(a). The two 
transitions of concentration and temperature were clearly observed in accordance with 
the hodography. As the feed temperature increases, the concentration plateau between 
the two transitions, in other words a roll-up of concentration by temperature, is formed 
at a higher concentration. It is notable that the trailing profile exhibits different shapes 
with temperatures, in accordance with the change of the slope of dT/dc presented in 
Figure 4(b). At 423K the c and T profiles are a simple wave, changing monotonously 
throughout the entire range, whilst at 473 and 523K they are initially a simple wave in 
the high concentration region, similarly to the 423K profile, but they move in the 
opposite direction. The profiles revert to simple wave at low concentrations, 
approaching to the feed state.  
However, such c and T profiles constructed by the hodograph at 473 and 523K are 
existent only theoretically. It was presumed that the actual profiles would be shock 
wave rather than curved line in the region where a vertical line divides equally the area 
enveloped by the c or T curves. The mathematical models used in Equilibrium Theory 
were solved numerically with large LDF constant and reduced Dz and kz. The 
numerical results (black lines) corroborated the presumption well.  
From the c and T profiles at the three temperatures, it can be observed that the portion 
that the shock wave occupies along the trailing front becomes larger with increasing 
temperature. At 473K, the shock wave is less prominent, so that the simple wave 
following the shock wave is still visible at the low concentrations, indicating that it would 
take long to regenerate the column rigorously. At 523K, however, the trailing front is 
almost completely occupied by the shock wave, enabling the adsorption column to be 
regenerated fast and efficiently.  
In Figure 6, the concentration range of the trailing front occupied by the shock wave 
were quantified by drawing horizontal lines dividing equally the areas enveloped by the 
profiles. It should be noted that the ranges of the shock waves denoted by the dashed 
lines are different from those estimated by dT/dc in Figure 4(b), as the gas velocity is 
not constant but varies with temperature and composition (see Eq. 20).  
As discussed above, the existence of a shock front implies that an adsorption column 
would be regenerated more efficiently within the concentration range covered by the 
shock wave. And the range of the concentration occupied by a shock front is highly 
dependent on the hot purge gas temperature. As shown in Figure 6, the lower bound of 
the concentration range directed by the horizontal line decreases with increasing hot 
purge gas temperature. In other words, the adsorption column has to be regenerated 
by a hotter purge gas, if it is intended to regenerate it more rigorously.  
Figure 7 shows the upper and lower bounds of each shock wave in the temperature 
range from 473 to 523K. The lower bound of the shock wave is equivalent to the 
minimum water vapour remaining in the column achievable by efficient thermal 
regeneration at a given purge gas temperature. Subsequently, the water vapour 
concentration at the lower bound was converted into its dew point. Finally, a correlation 
was found to relate the minimum dew point achievable by efficient thermal regeneration 
with the hot purge gas temperature as follows. 
                                       (26) 
 
  
3.3. Effect of capillary condensation 
Up to this point, the adiabatic, single-component advection equations were solved 
with the Toth isotherm model, without considering the effect of capillary condensation 
taking place at relatively high water vapour pressure. The effect of capillary 
condensation must be taken into account in thermal regeneration, whilst its effect is 
often neglected in case of adsorption breakthrough if the water vapour pressure in the 
feed is far less than the saturation pressure [17]. This is due to the desorbed water 
vapour being re-adsorbed in the region of column that was not fully heated yet. In the 
part of the column where re-adsorption occurs, the water vapour pressure may go over 
its pressure in the feed to an extent of enabling capillary condensation. To see the 
effect of capillary condensation, the Equilibrium Theory models were solved 
numerically with the Aranovich-Donohue isotherm model combined with Toth model, Eq. 
10, and the results are presented in Figure 8. Compared to the profiles estimated with 
Toth isotherm only, the new profiles shows clearly that the plateaus of concentration 
and temperature were extended significantly at 423 and 473K. At 523K, the region of 
the shock wave was so dominant that it was combined with the plateau extended by 
capillary condensation. It should be noted that the shape of the simple wave appearing 
after the shock wave was rarely affected by capillary condensation, as the effect of 
capillary condensation would occur only in the region of relatively high water vapour 
pressures. As a result, the optimal hot purge gas temperatures estimated with Toth 




3.4. Validation of the proposed optimal hot purge gas temperature 
The full mathematical models, Eqs. 1 to 13, were solved numerically to simulate the 
thermal regeneration breakthroughs at different purge gas temperatures in the range of 
423 to 543K in the interval of 10K. In Figure 9, the simulation results were plotted along 
with the experimental data. As expected, the times taken for thermal regeneration to 
the same extent do not increase at constant intervals when the purge gas temperature 
decreases by 10K. On the contrary, the increment of the regeneration time increases 
notably when the purge gas temperature decreases below the proposed optimal value. 
At -40 °C of the dew point, for example, the increments of the required regeneration 
time were almost identical up to 513 K at which temperature the minimum dew point 
was still below -40 C as seen in Figure 7. By contrast, the regeneration time increased 
greatly with decreasing purge gas temperature from 503 K onwards at which 
temperatures simple waves prevail at the low concentration of water vapour. Therefore 
the hot purge gas temperature must be at least 513 K or higher for efficient thermal 
regeneration if it is intended to regenerate the column to the dew point of -40 °C. 
Likewise, the hot purge gas temperature must be at least 503 K or 493 K for the dew 
points of -30 °C or -20 °C, respectively.  
It is interesting to see the effect of the purge gas temperature on the total energy 
consumption resulting from flowing the hot nitrogen gas in regenerating a humid 
column to the same extent. A humid column could be regenerated more quickly by 
flowing a hotter purge gas that is of higher quality, while it would be regenerated by 
flowing a low-grade, cooler gas at the expense of greater usage of purge gas. Figure 
10 shows the thermal energy consumption varying with the hot purge gas temperature, 
based on the times taken for thermal regeneration up to the dew point of -40 °C 
estimated by full numerical simulation presented in Figure 9. As can be seen, the heat 
energy consumption increases rapidly with decreasing temperature. Due to large 
difference of the required regeneration times between the cases, the higher the purge 
gas temperature is, the smaller the total energy consumption becomes.  
However, the total energy consumption estimated in terms of simply enthalpy cannot 
take into account the quality of a hot purge gas determined by its temperature, in other 
words, ignoring the fact that a high temperature gas is more valuable than a low 
temperature gas. In order to consider properly the quality of the thermal energy, the 
concept of an ideal work achievable from ideal conversion of a heat, also known as 
exergy, was taken to quantify the energy consumption more sensibly as follows. 
                          (27) 
Figure 10 shows clearly the total ideal work consumption being at its minimum 
around 513K, corroborating the finding of the optimal purge gas temperature estimated 
by Equilibrium Theory approach.   
 
4. Conclusions 
The thermal regeneration of a humid 13X adsorption column by flowing a hot purge 
gas was studied by Equilibrium Theory analysis. As a result, it was found out that the 
hot purge gas temperature must be selected carefully depending on the targeted water 
vapour concentration remaining in the column after thermal regeneration. The findings 
of this research paves the way for optimising an air-drying TSA process, as 
regenerating thermally a humid column with a hot purge gas at the proposed optimal 
temperature can shorten the cycle time and minimise the ideal work consumption 
simultaneously.   
Nomenclature 
a Toth isotherm parameter, Eq. 6 (mol/kg/kPa) 
a0 Toth isotherm parameter, Eq. 7 (mol/kg/kPa) 
b Toth isotherm parameter, Eq. 6 (1/kPa) 
b0 Toth isotherm parameter, Eq. 8 (1/kPa) 
c Toth isotherm parameter, Eq. 9 (K) 
ci Component concentration (mol/m
3) 









Specific gas heat capacity (J/kg/K) 
ˆ
psC  
Specific adsorbent heat capacity (J/kg/K)  
ˆ
pwC  
Specific wall heat capacity (J/kg/K) 
d Aranovich-Donohue isotherm parameter, Eq. 10 (-)  
Dm Molecular diffusivity (m
2/s) 
Dz Axial dispersion coefficient (m
2/s) 
dp Adsorbent diameter (m) 
E Toth isotherm parameter, Eqs. 7 and 8 (K) 
    Difference of the specific enthalpies of the two stream (kJ/kg) 
-ΔH heat of adsorption (J/mol) 
h overall heat transfer coefficient at the wall (W/m2/K) 
kg Gas thermal conductivity (W/m/K) 
kLDF LDF parameter (1/s) 
kz Axial thermal dispersion (W/m/K) 
   Mass flow rate (kg/s) 
P Pressure (kPa) 
Pr Prandtl number (-) 
Ps Saturation pressure (kPa) 
 , q Adsorbed amount (mol/m3)  
qm Aranovich-Donohue isotherm parameter, Eq. 10 (mol/kg) 
R universal gas constant (kPa‧m3/mol/K) 
Re Reynolds number (-) 
Sc Schmidt number (-) 
    Difference of the specific entropies of the two streams (kJ/kg/K) 
T Temperature (K) 
   Ambient temperature (K) 
t time (s) or Toth isotherm parameter, Eq. 6 (-) 
   Time taken for thermal regeneration (s) 
t0 Toth isotherm parameter, Eq. 9 (-) 
u Gas velocity (m/s) 
V Volume (m3) 
Wid Total ideal work (kJ) 
wc Concentration propagation velocity (m/s) 
wT Temperature propagation velocity (m/s) 
yi Gas mole fraction (-) 




ε Bed void fraction (-) 
εb Void fraction of bed internal over the entire column volume (-) 
εw Fraction of volume of the wall over the entire column (-) 
 Viscosity (Pa‧s) 
ρs Adsorbent density (kg/m
3) 
ρg Gas density (kg/m
3) 
ρads Adsorbed phase density (kg/m
3) 
ρw Column wall density (kg/m
3) 
Subscripts  
i Component i 




DP Dew Point 
AD Aranovich-Donohue 
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Figure 1. Effect of the hot nitrogen temperature on thermal regeneration breakthroughs of a 13X column 
initially saturated with water vapour at 12740 ppmv at 423K, 473K and 523K (Experimental data from Ref. 
[17]). 
Figure
Figure 2. Adsorption isotherms of water vapour on zeolite 13X at 273, 298 and 373K (black full line: Toth, red 




Figure 3. Adsorption breakthrough of water vapour (12740 ppmv) in zeolite 13X column at 293K: (a) 
Hodograph plane and (b) water mole fraction and temperature profiles constructed by hodograph (dashed 
lines) and full numerical simulation (solid lines) (experimental data from Ref. [17]).   
(a) (b) 
Figure 4. (a) Hodograph plane of thermal regeneration of a zeolite 13X column initially saturated with 
12740 ppmv water vapour by a hot purge gas at 423, 473 and 523K and (b) dT/dc plots at temperature 






Figure 5. Water vapour concentration and temperature profiles at the column outlet constructed by 
Equilibrium Theory at (a) 423K, (b) 473K and (c) 523K. 
(a) (b) (c) 





Figure 7. Optimal regeneration temperature determined by the lower end of the shock wave at 
temperatures varying from 473K to 523K. 
Figure 8. Thermal regeneration profiles with Toth and Aranovich-Donohue model with Toth by Equilibrium 
Theory at (a) 423K, (b) 473K and (c) 523K. 
(a) 
(b) (c) 
Figure 9. Full numerical simulation of thermal regeneration by hot nitrogen (symbols: experiment, lines: 







Figure 10. Change of total Ideal work and energy consumption with purge gas temperature in thermal 
regeneration up to –40 °C of dew point. 
